The disposal of a large amount of biogas residue from anaerobically digested food waste is a burden for biogas production. The aim of this work was to investigate biogas residue as a potential feedstock, by preparing biochar at a broad pyrolysis temperature range of 400-900 • C. The properties required for phosphorus recovery and soil amendment application were evaluated. Biogas residue collected from an urban food waste treatment plant was pyrolyzed in a laboratory scale reactor. It was found that by increasing the pyrolysis temperature, the yield of biochar decreased and the pH, electrical conductivity and Brunauer-Emmett-Teller surface area increased. The amount of phosphorus adsorbed onto the biogas residue-derived biochar (BRB) at 900 • C was larger than that of other kinds of biochar. The kinetics of phosphorus (P) adsorption on BRB could be described by the pseudo-second-order equation. The pot experiments showed that the resulting biochar is beneficial for the growth of cabbage. Overall, turning solid residue from the anaerobic digestion of food waste for biogas production into biochar shows good prospects as a means of solving the disposal problem, while creating new markets for food waste biogas residue.
Introduction
With increasing global economic development and urban populations, food waste is largely produced by the ever-growing demand from hotels, canteens, hypermarkets and companies [1] . Significant pollution in the environment has been caused by the excessive discharge of huge amounts of food waste. Traditional disposal methods include landfilling, incineration and composting. However, huge financial costs are required in order to dispose of food waste without negatively affecting the environment. Many solutions and practices have been proposed, and they are often implemented in order to "keep food out of landfills", thus reducing food waste at the source [2] [3] [4] [5] . Gupta et al. [6] reported that the conversion of food waste into biogas is considered as an effective strategy to solve the food waste management problem. Anaerobic digestion has been found to be better than traditional disposal methods, because it offers dual benefits: First, it promises the safe disposal of waste, and second, it is a renewable source for biogas production. However, biogas residue (BR) produced during the anaerobic digestion of food waste may remain a burden. It is necessary to find an effective strategy for the safe disposal of biogas residue. Recently, the use of residue from biogas production for soil amendment has been increasingly investigated due to the high organic content in biogas residue.
However, its application for soil amendment can be limited, due to the presence of pathogens/harmful elements in the residue [7] . To overcome this problem, converting biogas residue waste to biochar using pyrolysis can be an effective way to reduce the level of harmful pathogens. Following this process, biogas residue can then be used as a biofertilizer [7] [8] [9] [10] [11] [12] . However, only a few studies have reported the use of biogas residue from food waste as a means of utilizing biochar. Yet, the utilization of biochar, being a novel approach, could benefit both waste management and economic development. Therefore, it is necessary to research this process to develop a fuller understanding.
Thermochemical conversion of digestate results in the formation of a solid material known as biochar. This conversion happens in an oxygen-limited environment [13] . Several studies have reported on carbon sequestration and soil amelioration applications. There has also been some research suggesting that biochar is cost-effective as an adsorbent, due to its ability to store chemical compounds [14] . However, the yield and physicochemical characteristics of biochar can vary widely, depending on pyrolysis conditions, which are some of the most influential factors. Qin et al. [15] reported the characteristics of biochar derived from rice husks in a wide pyrolysis temperature range. The findings illustrated a U-shaped relationship between the biochar pyrolysis temperature and efficiency. It is necessary to gain a further understanding of the physicochemical parameters of biochar derived from various sources for its safe disposal. Some studies have reported on biochar production from anaerobically digested biomass, including sugarcane bagasse [16] , sugar beet tailings [14] and pig manure [17] . There are very few studies on the characteristics of biochar from anaerobically digested food waste for biogas production, and this needs further investigation.
A deficiency in phosphorus (P) resources and P wastewater pollution are considered serious problems worldwide [18] . In recent years, the application of biochar as an environmentally friendly adsorbent has attracted interest in P recovery studies. Chen et al. [19] documented that magnetic biochars made from iron-treated orange peel powder had a P adsorption capacity of 1.2 mg·g −1 . Hammer et al. [20] stated that wood pellet biochars had a P adsorption ability of 7.7161 mg·g −1 . Given that shortages in phosphorus can be addressed by biochar, the investigation of using biochar from biogas residue has huge potential. Interestingly, the application of biochar in agriculture can be an effective way to enhance soil fertility, as it may contain multiple minerals that are required for soil enrichment. Chen et al. [21] reported the addition of biochar produced from cow dung to agricultural soil, and confirmed that P-laden biochar not only increased the germination rate, but also promoted plant growth. However, to the best of our knowledge, only limited information is available on the utilization of phosphorus from biochar produced from food waste-derived biomass.
In this study, biochars were made from anaerobically digested food waste biogas residues through slow pyrolysis from 400 • C to 900 • C. The physicochemical properties of the biochar that was produced were characterized, and a simple adsorption experiment was conducted as a preliminary assessment of its phosphate adsorption ability. Our objectives were to: (1) Determine whether anaerobically digested food waste biogas can be efficiently used as feedstock for biochar, (2) investigate the influence of pyrolysis temperature on the physicochemical properties of biochar from anaerobically digested food waste, and (3) assess the potential use of biochar in phosphorus recovery and soil amendment.
Materials and Methods

Biochar Production
Biogas residue (BR) from anaerobic food waste digestion was obtained from an organic solid waste treatment plant located at Pudong Liming Eco-Industrial Park in Shanghai, China. The waste was left to dry at ambient air temperature under the sun. After that, the aggregates were softly crushed and the particles were passed through a 0.4 mm sieve to ensure a homogeneous particle size. The moisture content in the feedstock samples was 7.49%. The feedstock samples were pyrolyzed at 400 to 900 • C, using a pyrolysis time of 2 h maintained under oxygen-limited conditions in a muffle furnace (Shanghai Yi Zhong Inc., Shanghai, China).
Fourier Transform Infrared (FTIR) Analysis
Fourier transform infrared (FTIR) spectra of the samples (biochar) were obtained through diffuse reflectance infrared 150 Fourier transform spectroscopy. Briefly, the samples were ground to 0.1 mm, and 0.5 g was placed for analysis in the FTIR sampling window (Nicolet 5700 FTIR-OMNI Sampler Nexus). A KBr beam splitter was used to obtain the spectra (256 scans). The range was set to 4500 to 650 cm −1 (aperture size: 34 cm). OMNIC v7.1 software with Happ-Genzel apodization was used to analyze the measured transmission.
Pyrolysis Yield and Volatile Matter
The ratio of the sample biochar weight to the dry weight of the residues was determined as the pyrolysis yield. The percentage of volatile matter was determined by pulverizing 2 g of biochar sample in a crucible, placing it at a temperature of 950 • C for 6 min and then weighing it. The volatile matter was then calculated using following equation:
where B and C are grams of sample after drying at 105 • C and 950 • C, respectively.
pH, Electrical Conductivity (EC) Values, and Elemental Composition
A 1 g sample of dry BR or BR-derived biochar was suspended in 10 mL of deionized water and put in a shaker for 30 min. The pH and electrical conductivity (EC) of the suspension were measured using a digital pH meter (Sartorius PB-10, Bohemia, NY, USA) and a conductivity meter (DDS-307 A, Shanghai, China). The elemental amounts of C, H, N, S, and O were determined by an elemental analyzer (vario EL cube; Elementar Co., Langenselbold, Germany, 2013). The sample was dropped into a hot furnace (1150 • C), and through the combustion of oxygen, the reduction temperature was 850 • C, with copper reduction [22] .
Surface Area (S BET )
The BR and BR-derived parameters were determined for porous structures at low-temperature (77.4 K) N 2 adsorption-desorption isotherms, which were obtained from an ASAP 2420 surface area and a porosity analyzer (Micromeritics, Norcross, GA, USA). From the adsorption branch data, using the linear form of the Brunauer-Emmett-Teller (BET) equation, the specific surface area (S BET ) was calculated.
Phosphorus Adsorption
The P adsorption capacity of the biochar sample was found as described by Chen et al. (2018) . In brief, the sample (0.5 g) was mixed with a phosphate solution (50 mL, 200-600 mg L −1 ) in flasks and sealed and kept in an orbital shaker at 120 rpm for 24 h at room temperature (RT). The samples were then filtered and the concentration of adsorbed phosphorus was determined. The results were consistent with previously reported findings [23, 24] , suggesting that 24 h of incubation was sufficient, and that the P adsorption capacity was determined using the following equation [25] :
where Y is the P adsorption capacity (mg·g −1 ); V is the volume of P solution (L); C o and C e are the initial and equilibrium phosphate concentrations in aqueous solution, respectively (mg·L −1 ); and M is the mass of the biochar sample used (g). The P concentrations in aqueous solution were measured using the automated molybdenum blue colorimetric method [26] .
Adsorption Kinetic Analysis
The adsorption kinetics analysis was carried out using two well-known kinetic models: The pseudo-first-order model and the pseudo-second-order model, which are shown in Equations (3) and (4), respectively:
where t denotes the contact time (min); Q e and Q t denote the amount of P (mg·g −1 ) adsorbed at equilibrium and at a given time, respectively; and k 1 (min −1 ) and k 2 (g·(mg·min) −1 ) are the rate constants of the pseudo-first-order and pseudo-second-order kinetics models, respectively.
Pot Experiment
The pot experiment was done as a set of 7 experiments in a greenhouse in triplicate as a randomized trial. Each pot contained 750 g of soil and the biochar amendment rate was 1% w/w dry weight. Cabbage seeds (Brassica chinensis L.) were sprinkled on moistened filter paper in a petri dish. On day 7, one plant per pot was sown with the germinated seeds. All pots were watered daily under greenhouse conditions. The weights of the fresh biomass, plant height and leaf area were determined by harvesting the plant samples after 45 days.
Results and Discussion
Pyrolysis Yield
The yield of biochar is a co-product of fast pyrolysis with lignocellulosic biomass. Table 1 shows that the percentage of pyrolysis yield declined with increased temperature, where there was 70.35% of the real mass at 400 • C to 43.65% at 900 • C. The content of volatile matter also decreased, from 55.36% to 4.49%. In general, the thermal deterioration of biomass was present at a lower pyrolysis temperature. Nonetheless, the pyrolytic volatiles split into low-set atomic weight organics and gases, instead of biochar, as pyrolysis temperature increased [27] . This diminishing direction of biochar as pyrolysis increased was in agreement with studies on the pyrolytic properties of woody biomass [28] . Based on the results of research on various materials, a reduction in yield can be due to the loss of chemically bound moisture, the decomposition of organic substances and the dehydration of hydroxyl groups, or at higher temperatures it can be induced by the buildup of aromatic structures, with damage to large amounts of CO 2 , CO, H 2 O, and H 2 [8] . 
pH Values and Electrical Conductivity (EC)
Pyrolyzing biochars increased their pH and produced alkaline biochars. The pH of the biochar increased remarkably compared to the pH of the raw feedstock ( Table 1 ). The pH of the feedstock biogas residue sample was 7.95, and the pH of biochar increased from 9.19 to 12.52 with pyrolysis temperature ranging from 400 • C to 900 • C. Cao et al. [29] reported that when the pyrolysis temperature was >350 • C, cellulose, hemicellulose and lignin started to become ash, and alkali salts began to separate from the organic materials, increasing the biochar pH. Such high pH values were similar to those in biochars generated from most types of biomass, and the high pH was due to an assemblage of Ca, Mg, and K from the biogas residues during pyrolysis. The higher pH of biochars may allow them to amend and neutralize soil acidity and will also be likely to adsorb positively charged ions. The electrical conductivity (EC) value reflected the degree of salinity in the biochar. The EC values in the samples of biochar produced at 400, 500, 600 and 700 • C, respectively, were 2.23, 3.05, 3.17, and 3.20 mS·cm −1 . However, these values sharply increased with a pyrolysis temperature of 800 and 900 • C and amounted to values of 12.66 and 11.50 mS·cm −1 , respectively (Table 1) . These results indicate that biochar produced at a high pyrolysis temperature (especially at 800 and 900 • C), when applied to the soil, may increase soil salinity and subsequently have undesirable effects on plant growth. The effects of high salinity on plant development due to the low osmotic potential of the soil solution, waterlogging, disturbance of ions and nutrient imbalance during stress are well known [30, 31] .
Surface Properties
The Brunauer-Emmett-Teller (BET) surface area of the biochar samples demonstrated substantial development throughout pyrolysis, related to their absorption capacity. Table 1 shows that the surface area of biochars ranged from 17.91 to 66.15 m 2 ·g −1 as pyrolysis temperature increased from 400 • C to 900 • C. In contrast, for biogas residue, the BET surface area of biochar was augmented eight-fold. This augmentation was due to alteration in the elemental combination at a higher temperature. The area quality and pore quantity of biochar both depend on decreasing temperature. Lower temperatures change amorphous carbon to main carbon, which does not allow pore development. Fewer pores are inhibited by aliphatic, which curtails the surface area. When the temperature increases, amorphous carbons are reduced to crystalline carbons and make more pores, which eliminate the aliphatic and volatile composition [32] . It is worth noting that the BET surface area was effectively higher from 29.42 m 2 ·g −1 to 66.15 m 2 ·g −1 when the pyrolysis temperature was raised from 800 • C to 900 • C. The pore properties (e.g., BET surface area), which increased slowly, ranged between 400 and 700 • C, thus, a critical temperature range of 800-900 • C for pyrolysis is recommended for a slightly increased surface area of biochar. According to Mukome and Parikh [33] , there is a noteworthy relationship between pyrolysis temperature and the specific surface areas(SSA), which plays an important role in creating more pores at higher temperatures in most biochars. In another study, it was concluded that biochar prepared from the biogas digestate of swine manure showed an increase in the BET surface area from 700 and 800 • C. These results were in agreement with Reference [7] .
Changes in Chemical Bond Structure with Pyrolysis Temperature
The infrared spectra of the biogas residue and biochar samples show complex chemical bond structures with a union of minerals and organic matter (Figure 1) . Typically, waste from eateries and restaurants contains a lot of organic and inorganic compounds, which may give clear stretching for many groups in the fingerprint region. For instance, we are able to see O-H (3400 cm −1 ), C-H (2900 cm −1 ), C=C (1600 cm −1 ), and C-O (1400 cm −1 ) [34] . It is worth mentioning that such bands related to the functional groups were not present in the biochar. This is a clear indication that pyrolysis resulted in the conversion of most of the organic matter from the food waste (biomass) residues to inorganic matter. Of note, there are instances of the presence of residual nitrogen compounds and organic matter to a certain extent in the biochar spectrum. The FTIR spectra of the waste food from restaurants showed a high tip in lines at 3300 cm −1 , which may be due to the OH vibration of the hydroxyl groups [35] . It is worth mentioning that this tip was not present in the biochar. The peaks in the spectra observed at 3000 and 2850 cm −1 can be correlated with the stretching vibration of C-H bonds, most likely related to the sp3 of alkanes, which was in agreement with previously published reports [36] . However, no such peak was observed in the biochar spectra, illustrating its removal during pyrolysis. The 2850 and 2660 cm −1 peaks can be taken as the axial deformation majority of the aldehydes [37] . Bands at 1649 cm −1 can be related to the aromatic C=C vibration and the band at 1485 cm −1 may be due to the presence of C-H from alkanes [38] . At a wavelength between 1385 and 1000 cm −1 , we observed the C-O axial deformation of phenols and alcohols. Similarly, for the stretch at 740 cm −1 and peak at 699 cm −1 , a peak was detected due to N-H stretch, which was not seen in biochar.
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Figure 1.
Fourier transform infrared (FTIR) spectra of biogas residue (BR) and its biochar prepared at different temperatures. Table 2 shows that the elemental composition was similar for all biogas residue-derived biochars (BRBs). Total C, H, N and O was seen to decline with increasing biochar pyrolysis temperature from 400 to 900 °C . For example, total C and N decreased to 19.81% and 1.41%, respectively, at 400 °C to 7.07% and 0.14% at 900 °C . The decrease of carbon and nitrogen resulted from the increasing biomass combustion and organic volatilization with increasing temperature [29] . This result is consistent with findings from Agrafioti et al. [39] and Cao et al. [29] . The reduced nitrogen content of biochars may not necessarily be helpful to crops, since N mostly exists in an unavailable form [40] .
Elemental Composition and Molecular Ratios
To characterize the relationship between BR pyrolysis temperature and the degree of aromaticity and hydrophobicity of the biochars, the molecular values of carbon, hydrogen, nitrogen and oxygen were evaluated. The C/N values not only affect the characteristics of the biochar, but may also influence the levels of C and N during mineralization [41] . After that, given the high values of C/N for biochar, it is possible that N immobilization occurs [42] , decreasing the N loss from the soil. The C/N increased from 17.55% at 400 °C to 63.33% at 900 °C . The values of C/N were higher in biochar, from 65.7% to 49.8%, than in their feedstock (BR). This indicated that the loss of nitrogen from the soil could be reduced at higher pyrolysis temperatures. The H/C values were associated with the grade of carbonization. Table 2 shows that the H/C of biochar decreased with increasing pyrolytic temperature. This reflected the increasing degree of structural modification due to the carbonization reactions of biochar with increasing temperature. The lowest H/C value (0.29) at 700 °C suggests that the biochar is highly carbonized. The decrease of H/C values with increasing pyrolysis temperature is consistent with the results from Kloss et al. [43] , who found a reduced H/C ratio between 0.7 and 1.0 at 400 °C for poplar-derived biochar. Keiluweit et al. [32] also found a reduction of the H/C ratio from 1.59 to 0.52 for ponderosa pine-derived biochars, and from 1.81 to 0.48 for straw-derived biochars. Table 2 . Molecular ratios and concentrations of the concerned elements of biogas residue (BR) and biogas residue-derived biochar (BRB). Table 2 shows that the elemental composition was similar for all biogas residue-derived biochars (BRBs). Total C, H, N and O was seen to decline with increasing biochar pyrolysis temperature from 400 to 900 • C. For example, total C and N decreased to 19.81% and 1.41%, respectively, at 400 • C to 7.07% and 0.14% at 900 • C. The decrease of carbon and nitrogen resulted from the increasing biomass combustion and organic volatilization with increasing temperature [29] . This result is consistent with findings from Agrafioti et al. [39] and Cao et al. [29] . The reduced nitrogen content of biochars may not necessarily be helpful to crops, since N mostly exists in an unavailable form [40] . Table 2 . Molecular ratios and concentrations of the concerned elements of biogas residue (BR) and biogas residue-derived biochar (BRB). To characterize the relationship between BR pyrolysis temperature and the degree of aromaticity and hydrophobicity of the biochars, the molecular values of carbon, hydrogen, nitrogen and oxygen were evaluated. The C/N values not only affect the characteristics of the biochar, but may also influence the levels of C and N during mineralization [41] . After that, given the high values of C/N for biochar, it is possible that N immobilization occurs [42] , decreasing the N loss from the soil. The C/N increased from 17.55% at 400 • C to 63.33% at 900 • C. The values of C/N were higher in biochar, from 65.7% to 49.8%, than in their feedstock (BR). This indicated that the loss of nitrogen from the soil could be reduced at higher pyrolysis temperatures. The H/C values were associated with the grade of carbonization. Table 2 shows that the H/C of biochar decreased with increasing pyrolytic temperature. This reflected the increasing degree of structural modification due to the carbonization reactions of biochar with increasing temperature. The lowest H/C value (0.29) at 700 • C suggests that the biochar is highly carbonized. The decrease of H/C values with increasing pyrolysis temperature is consistent with the results from Kloss et al. [43] , who found a reduced H/C ratio between 0.7 and 1.0 at 400 • C for poplar-derived biochar. Keiluweit et al. [32] also found a reduction of the H/C ratio from 1.59 to 0.52 for ponderosa pine-derived biochars, and from 1.81 to 0.48 for straw-derived biochars.
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Phosphorus Adsorption and Soil Amendment
Adsorption Kinetics
Adsorption kinetics are an important characteristic for defining the efficiency of adsorption [18] . Figure 2a shows the adsorption capacity of phosphorus versus time at an initial concentration of 10.6 mg·L −1 . At the initial stage of the process, the adsorption rate was very high, then exhibited a gradual decrease until the adsorption equilibrium was reached. From this characterization of adsorption kinetics, P was initially adsorbed onto the exterior surface of the biochar, then diffused into the pores and adsorbed on the interior surface. Figure 2a indicates that the P adsorption equilibrium of biochar was reached after 24 h, which is consistent with the findings for other kinds of biochar documented by other researchers [14, 44] , who looked at synthesizing biochar through anaerobic digested sugar beet tailings or tomato leaves and gained P adsorption equilibrium after 24 h. Pyrolysis temperature had a pronounced effect on the biochar properties. The amount of P adsorption ranged from 23.04 mg·g −1 of BRB400 to 70.90 mg·g −1 of BRB900 (Figure 2b) . Therefore, the amount of P adsorbed onto BRB900 was higher compared to other kinds of biochar, demonstrating its refined P adsorption efficiency.
The adsorption kinetics of P on BRB900 were evaluated using the pseudo-first-order model and the pseudo-second-order model, shown in Equations (3) and (4), respectively. The results from the plots in Figure 2c,d show that the correlation coefficient (R 2 ) of the pseudo-second-order kinetic model was higher than that of the pseudo-first-order model, suggesting that the kinetics of P adsorption on BRB could be described better by the pseudo-second-order equation. Figure 2c ,d shows that the P adsorption ability of the biochar was 12.2820 mg·g −1 . Therefore, the amount of P adsorbed onto BRB900 was greater than that of the traditional biochar. Yao et al. [45] documented the rehabilitation of 13 types of biochar on P adsorption, reporting that the biochars did not show a P adsorption ability. In accordance with the above analysis and FTIR results, the P adsorption capacity in our study may have been due to the oxygen-containing surface groups on the BRB (Figure 1 ). 
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Soil Amendment
The effect of BRB at different pyrolysis temperatures on the development of vegetables was examined using pot experiments. Figure 3a shows that Brassica chinensis L. had great performance and produced greenish and maximum foliage in pots with BRB600 compared to other treatments and control. 
Conclusions
In conclusion, assessment of the physicochemical properties of biochar and initial identification of phosphate adsorption and soil amendment show that solid residues from the anaerobic assimilation of food waste for biogas arrangement can be reasonably changed into biochar and could The plants grown with BRB600 produced wider leaf blades with dark greenish color (Figure 3b ). Adding BRB600 increased plant length, the number of leaves, fresh weight, and the leaf area by 57.78%, 110.26%, 163.81%, and 147.94%, respectively, over the nonamended control (CK). This finding indicates that BRB600 has the best potential to improve the growth of vegetables. Biochar was used to ameliorate the growth of vegetation. The basic principle is that biochar affects plant growth and alters the nutrient levels and water accessibility in soil. The proliferous aspect of biochar can improve the water retention capacity of the soil and simultaneously hold soluble nutrients in the soil. In this study, BRB showed various features (e.g., nutrient content, pH, and capacity to adsorb P) after being subjected to pyrolysis temperatures. BRB600 exhibited the best amelioration in the production of vegetables. Further research regarding the assessment of BRB's effect on plant growth and field-scale experiments should be conducted.
In conclusion, assessment of the physicochemical properties of biochar and initial identification of phosphate adsorption and soil amendment show that solid residues from the anaerobic assimilation of food waste for biogas arrangement can be reasonably changed into biochar and could be promoted for phosphorus reclamation for agronomical purposes. The pyrolysis temperature influences the physicochemical properties of the biochar. With high temperatures, the yield and volatile matter decreased and the pH, EC and BET surface area increased. The results from phosphorus adsorption indicate a pronounced effect of pyrolysis temperature on the P adsorption of biochar. The amount of P adsorption increased from 23.04 mg·g −1 for BRB400 to 70.90 mg·g −1 for BRB900. The amount of P adsorbed onto BRB900 was greater than that of other kinds of biochar. The kinetics of P adsorption on BRB could be solved using the pseudo-second-order equation. The P adsorption capacity of BRB900 was 12.28 mg·g −1 , which was larger than that of other traditional biochars. The pot study revealed that biochar is useful for the development of cabbage. The results of this research are important for the design and development of food waste biogas residue-derived biochar. Overall, turning solid residue from the anaerobic digestion residues of food waste for biogas production into biochar for phosphorus recovery and soil amendment applications has potential as a means of solving disposal problems, while creating new markets for food waste biogas residues.
